Abstract. To improve understanding of the deformation properties of subfreezing polycrystalline glacier ice and, in particular the role of crystal size, chemical impurities, and rock particle impurities, we analyze in situ strain rates of the basal layers of Meserve Glacier, Antarctica. Strain rates were monitored on the walls of a subglacial tunnel (where down flow shear stress is relatively uniform) and ice properties were measured (texture, fabric, and impurity content). We propose a simple empirical model describing strain rate variations due to variations in crystal size and impurity content, and we use all relevant Meserve data to constrain model parameters. We conclude that there is a direct dependence of strain rate on crystal size, which reflects an important role for a grain-size-sensitive deformation mechanism such as grain boundary sliding or diffusion. Chemical impurities are found to enhance the grain-size-sensitive deformation and are found to be an important control on strain rate variations in the very impure ices of Meserve Glacier. However, the per molar sensitivity of strain rate to chemical impurity content is shown to be very low, such that in the ice age ices of the Greenland ice sheet there is probably an immeasurable contribution of chemical impurities to strain rate enhancement, though we cannot exclude chemical enhancements as high as 1.3 there. Our analyses detect no direct rheologic effect of rock particles in the Meserve ices, which suggests that rock content is not directly responsible for the low viscosity of dirty basal layers.
First, Jacka [1984] has shown that crystal size evolves to an equilibrium value for a given strain rate and therefore is clearly a consequence of strain rate. This does not, however, mean this equilibrium value is independent of possible crystal size-dependent deformation mechanisms. Further, Dahl-Jensen et al. [1997] have shown that the equilibrium crystal size is not purely a function of strain rate but also of impurity content. Second, the apparent dominance of dislocation creep over grain boundary sliding and diffusional creep as the mechanism responsible for GL argued against a direct grain size dependence [Duval et al., 1983] . Third, Paterson [1991] Langway, 1988] . As evidence against a grain-size-sensitive mechanism, these experiments axe weak, primarily because both data sets contain a large range of crystal fabrics, whose effects could obscure a modest, but important, grain size dependence. Furthermore, most of these tests were conducted at stress levels much higher than those in ice sheets, which favors dislocation creep mechanisms [Goldsby and Kohlstedt, 1997] . Further, the Shoji and Langway analysis used inferred grain size rather than measured grain size (their Table III ), except for their Figure 1 , which shows a better correlation of E with grain size than with sonic velocity (a proxy for fabric strength).
Nonetheless, it is also true that none of the above provide convincing evidence in support of a grain size dependence either. Laboratory experiments have never demonstrated a grain size dependence at grain sizes and temperatures characteristic of the ice sheets [Duval et al., 1983] . In addition, Goldsby and Kohlstedt's [1997] experiments were conducted for extremely fine grains and !ow temperatures. Thus PeltieFs [1998] application of these experiments requires extrapolation over a large range of grain sizes and temperatures to obtain relations for terrestrial ice sheets.
Having discarded grain size from the list of strain rate controls, investigators have attributed residual E variations (those not ascribed to fabric variations) to chemical impurities and/or rock particles [Paterson, 1991; Thorsteinsson et al., 1999] . Laboratory experiments have shown that single ice crystals become substantially softer if doped with acids (HF and HC1) that can substitute in the crystal lattice. One set of experiments examined the rheologic effects of an important natu-ral salt, NaC1, and found that this impurity stiffens ice single crystals [Riley et al., 1978] . The relevance of these studies to the ice sheets is unclear, as most impurities will be interstitial, if in the crystal, and the dominant acids in the ice sheets are sulphuric and nitric, and these are neutralized in the dust-rich ice age ices of Greenland. Further, impurities most likely segregate to grain boundaries [Paten and Walker, 1971 ].
Accumulation of impurities at grain boundaries would likely facilitate grain boundary-dependent deformation mechanisms like sliding and diffusion [Holdsworth and Bull, 1970; Barnes et al., 1971; Fisher, 1987] .
Studies of rheologic effects of dispersed rock partic]es have shown widely conflicting results (see review
by Budd and Jacka, [1989] ), with substantial stiffenings and softenings both reported at 10% volume. Some of this variation may be meaningful. If rock particles embedded in ice are surrounded by liquid films, they may act as soft inclusions because ice can negotiate them by regelation and boundary slip [Echelmeyer and Zhongxiang, 1987] . If no liquid is present, rocks will act as hard inclusions and stiffen the ice in a local region around each particle due to viscous effects [e.g. Durham et al. 1992] and due to interaction with dislocations [Ashby, 1969] . If grain boundary sliding is important, particles can stiffen the polycrystal by pinning grain boundaries [Ashby, 1980] . At concentrations high enough for particle-particle interactions to become important, stiffening most likely occurs [Hooke et al., 1972] , though the one observation of high E [Echelmeyer and Zhongxiang, 1987] in a frozen till with 60 to 70% rock content contradicts this in a spectacular fashion. Recent reviews of ice rheology have concluded that rock particles are unlikely to be significant at the low concentrations found in the ice sheets, with the possible exception of the dirty basal layers, for which a direct role of rock particles is a leading contender. 
A Semiempirical Model

General Approach
We assume that the softening effects of grain size and impurities can be represented by a scalar coefficient (E.) that multiplies a second rank tensoriM function (•F) of crystal fabric and stress (an "anisotropic flow law" for clean polycrystalline ice which becomes equivalent to the GL for an isotropic fabric): 
The New Term
In proposing a form for E, we are guided by the following considerations:
1. Algebraic and conceptual simplicity are required.
Following Barnes eta!. [!971] and Goldsby and Kohlsted [1997]
, we suppose that bulk strain rate is due to a sum of grain-size-dependent and grain-sizeindependent mechanisms.
3. We allow that the dependence of E, on ion content may be nonlinear, due to lattice saturation effects (e.g., the laboratory experiments of Nakamura and Jones [1970] showing sublinear dependence) or due to nonlinear dependence on the grain boundary ion content (e.g., the strain rate mechanism could depend on the grain boundary thickness in a nonlinear fashion, and this thickness may be proportional to bulk ion concentration). The multiplicative form of equation (2) 
Analysis of Meserve Glacier Data
We use measurements of ice properties and in situ strain rates to find best fit values for free parameters in equation (2) using standard geophysical inverse procedures.
Tunnel and Measurements of Strain Rates
In 
Ice Sampling
Using chain saws, we extracted six vertical columns of ice from the tunnel wedls, from 7.0, 7.5, 9.5, 10.5, 11, and 16.5 m from the tunnel entrance. Ice from these was used for chemistry, particle, and density measurements and to make thin sections. itive charges were missing. We 'assume these to be H +.
Repeat measurements on the same samples revealed a very high reproducibility of chemistry measurements (to within a few percent). A few samples were run without immediately filtering rock particles, and these had up to 10% higher ion contents. Rock particles were immediately filtered for all the measurements used here.
3.2.2. Particles. Twins of all samples for chemistry analysis were saved and weighed, and rock mass fraction was determined by melting, filtering, drying and weighing (filter pore size was 2.5 pm). Subsequently, particles were resuspended and agitated, and grain size distributions were measured using a laser light scattering and extinction instrument (the Model 770 AccuSizer of Particle Sizing Systems, Santa Barbara, California, operated by the Batelie Pacific Northwest Laboratory, Richland, Washington). Particle size distributions were found to be quite consistent throughout the amber ices, with a mean size of ~0.2 to 0.7 mm, as found by Holdsworth [1974] . An estimate of rock surface area per volume of rock was made for each sample by approximating the particles as spheres.
Void fraction.
Prior to melting to extract rock particles, we measured the "twin" samples' density, using an isostatic weighing procedure. Void fraction was then estimated from these bulk density measurements, the rock mass measurements, and an assumed density for ice crystals (920 kgm -s) and for rocks (2650 kgm-S).
Thin sections. We prepared thin sections
from the ice columns using standard procedures (separating ice slices with a band saw, smoothing one surface, affixing it to transparent plates using freeze-on and/or glue and reducing the ice to submillimeter thickness).
The rock-rich amber ices presented a special challenge. Figures 3c and 3d) , fabric enhancement (Figures 3g and 3h) , and rock content (Figure 3f) . Sulphate and chloride vary independently to a significant degree (Figure 3a) . On the other hand, rock surface area and volume are very strongly correlated (Figure 3e) , suggesting it will be difficult to separate direct rheologic effects of rock particles from "ion storage" effects. The ions fall into several distinct groups, within which the correlation is very strong (Figure 2 ). These groups are the sulphate group (S04 and Ca), the chloride group (C1 and Na), the nitrate group (NOs, K, Mg), unbalanced positive charges (presumed acidity and denoted by plus), and ammonia (NH4). Putther, the nitrate and chloride groups correlate strongly in the amber ices and therefore are diiticult to treat separately. Ammonia occurs at very low concentrations and is not correlated with strain-rates, so we will not consider it 
Necessity of Grain Size and Ion Dependencies
The only acceptable models are those for which both grain size and ions are important. We have experimented with all plausible models for which, in addition to stress and fabric, only rocks are important (m-0, 
Optimal Models
The optimal model incorporating 11 free parameters (Table 2) 
Discussion
The grain size dependence likely results from an explicitly grain-size-dependent deformation mechanism such as grain boundary sliding or diffusional creep.
Goldsby and Kohlstedt [•9971 and Duval et al. [1983]
suggest that for these mechanisms, strain rate is inversely proportional to grain size raised to a power m of 1.4, or 2 to 3, respectively, either of which is consistent with our results. The alternative interpretation, that grain size is determined by strain rate, which here is determined by an unidentified and unmeasured quantity, seems highly unlikely. This would imply that substantial variations of strain rate are caused by a physical quantity that is neither grain size nor a major impurity nor a consequence of mechanical anisotropy and which is not correlated with either impurities or fabrics.
Physically, the success of a model that multiplies rather than adds effects of grain size and chemistry suggests that ions are partly affecting viscosity through a grain-size-dependent deformation mechanism. As discusbed above, concentrated impurities at grain boundaries will enhance liquid layers there, and such lay- Concerning the ionic term E.½, the large variation of ion concentrations in the stratified ices of our study site makes it possible to constrain the nonlinearity ,X to some extent. However, the generally small size of the ionic terms and the partial correlation with crystal size make the confidence limits on ,k broad. At 90% confidence, ,k is in the range 0.52 to 3.5. This precludes a very low sensitivity (A < 0.5) and therefore argues against a saturation value of concentration beyond which further addition of i•npurity has no effect [Nakamura and Jones, 1970] . This is consistent with ions acting through grain boundary effects rather than through changes of lattice properties. The best fit A. ---1.5. has very little variation as a function of the parameter co.
An important result of sensitivity tests is that our inference of low sensitMty to ionic content is not qualitatively sensitive to our treatment of rock impurity. If we assume no role for rock particles at all (i.e., we assume that there is no ion storage or direct softening effect) by setting r/ -fi -0 in equation (2) The optimal models all ascribe an important softening effect to C+, which we presume to be acidity. This results primarily from the correlation of C+ with the strain rate increase in the upper part of the D grid (Figure 2) , which is only partially explained by variations of grain size and principal ions. The main results of this paper are insensitive to our use of a C+ term. If we set 7 + -0 and recalculate the optimal solution, the optimal grain size power m decreases by 1.4% and so4 [1971] and supports Goldsby and Kohlstedt's [1997] and PeltieFs [1998] view that Glen's laB, reflects contributions from both grain-size-dependent and -independent deformation mechanisms. However, our analyses do not constrain which size-dependent mechanism is operative and, in particular, do not argue for or against the grain boundary sliding mechanism of Goldsby and Kohlstedt [1997] .
The most parsimonious expression of our results is that ice viscosity is proportional to D -ø • in our data. All of these conclusions should be viewed as hypotheses; we are keenly aware of the need for more data. Further studies of in situ deformation, preferably supported by direct measurements of stress, will shed light on these rheologic issues and will continue to complement laboratory experiments. The amber ices again presented a special difficulty owing to their very small grain sizes (0.6 mm apparent diameter seen in section). In his study of Meserve ice petrography, Anderton [1974] did not obtain any fabric data for the amber ices but noted that they appeared to have a strong fabric. We were able to obtain fabric data by using optical binocular magnifying glasses (manufactured by Donegan Optical Company, Lenexa, Kansas) which provided an effective magnification of ~2x. The main difficulty proved not to be the uncertainty in identifying the angular position of maximum extinction (as one might suppose) but rather the task of tracking a single grain through rotations of the stage.
A successful measurement was obtained in only •-30% of the attempts. This, plus the small absolute sizes, almost certainly introduced a "large-grain" bias to the resulting fabric data in addition to the intentional one for proper area weighting.
Excepting this problem, we are confident that the fabric data we obtained for amber ices axe accurate.
The amber ice fabrics are quite similar to the fabrics obtained from white ices, with the strong shearnormal single maximum that is characteristic of simple shear flows. For one of the amber ice thin sections we prepared a companion section from amber ice a few centimeters higher in the column but with a tilt of 35ørelative to the original. The inferred fabric had 7øbroader dispersion of c-axes, most likely reflecting a greater error in identifying extinction position for grains that are significantly tilted relative to the thin section plane or its normal.
A2. Using Fabric Data
We According to these rheologic relations the shear will depend only weakly on the other stress components due to the strong crystal fabrics (a result very different from the classic isotropic Glen's law if these stresses are used; however, if one assumed Glen's law to be true, the stresses estimated directly from closure measurements would be very small relative to the dominant shear, so the net result would be the same). We do not consider explicitly any stresses r•2, as these will act as an intermediate case between these two extremes. 
